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ABSTRACT
Upon detection of viral infections, cells activate
the expression of type I interferons (IFNs) and pro-
inflammatory cytokines to control viral dissemina-
tion. As part of their antiviral response, cells also
trigger the translational shutoff response which pre-
vents translation of viral mRNAs and cellular mRNAs
in a non-selective manner. Intriguingly, mRNAs en-
coding for antiviral factors bypass this translational
shutoff, suggesting the presence of additional regu-
latory mechanisms enabling expression of the self-
defence genes. Here, we identified the dsRNA bind-
ing protein ILF3 as an essential host factor required
for efficient translation of the central antiviral cy-
tokine, IFNB1, and a subset of interferon-stimulated
genes. By combining polysome profiling and next-
generation sequencing, ILF3 was also found to be
necessary to establish the dsRNA-induced transcrip-
tional and translational programs. We propose a cen-
tral role for the host factor ILF3 in enhancing expres-
sion of the antiviral defence mRNAs in cellular con-
ditions where cap-dependent translation is compro-
mised.
INTRODUCTION
The presence of virus-derived double-stranded RNA
(dsRNA) in the cytoplasm of infected cells is a hall-
mark of active viral replication. Mammals have devel-
oped several sensors, known as pathogen recognition re-
ceptors (PRRs), capable of recognizing these virus-derived
pathogen-associated molecular patterns (PAMPs). For in-
stance, RIG-I-like receptors (RLRs), with MDA5 and
RIG-I as central members of the family, sense dsRNA and
signal through the mitochondrial associated antiviral fac-
tor, MAVS to induce the expression of type I interferons
(IFNs) and proinflammatory cytokines (reviewed in (1)).
Secreted type I IFNs bind the cell surface receptor IFNAR
on infected and neighbouring cells to activate a second
transcriptional response of approximately 500 interferon-
stimulated genes (ISGs), which are responsible for establish-
ing an antiviral state and preventing viral replication and
dissemination (2,3).
Virus-derived dsRNA also activates the cytoplasmic ki-
nase PKR, which phosphorylates the initiation factor of
translation eIF2, resulting in a non-selective translational
arrest of viral and cellular mRNAs also known as the host
translational shutoff (4–7). Regulation of eIF2 activity by
phosphorylation provides a fast-acting mechanism to con-
trol protein expression in response to other stimuli, includ-
ing amino acid starvation or endoplasmic reticulum stress
(8–10). In addition to phosphorylating eIF2 and inducing
the translational shutoff response, PKR can also phospho-
rylate the two major alternatively spliced isoforms encoded
by the ILF3 gene, known as NF90 and NF110 (11–13).
NF90/110 are involved in regulating different steps of gene
expression, including pre-mRNA splicing, miRNA biogen-
esis andmRNA stability amongst others, and in controlling
the life cycle of several viruses (reviewed in (14,15)). Both
ILF3 isoforms bind RNA through two tandem dsRNA-
binding motifs and an RGG-rich domain (16,17). In agree-
ment with their association with polyribosomes, these fac-
tors can negatively regulate the translation of cellular mR-
NAs, and in particular, mRNAs containing AU-rich mo-
tifs (18,19). In the context of viral infections, the current
model suggests that NF90 and NF110 work in a complex
with NF45 (20–22), and upon PKR-mediated phosphory-
lation, dissociate fromNF45 and are retained on ribosomes
to prevent translation of viral mRNAs (13). However, the
translational targets of ILF3 during homeostasis or the an-
tiviral response remain unknown. ILF3 isoforms have also
been implicated in promoting the formation of stress gran-
ules during the antiviral response (23,24), as well as being
required for successful biogenesis of circular RNAs, a func-
tion that is impaired by activation of the antiviral response
by the viral dsRNA mimic, poly (I:C) (25). However, the
function of ILF3 during activation and establishment of the
type I IFN response has not been characterized.
Besides the classical sensors of viral-derived dsRNA,
other cellular dsRNA binding proteins are involved in lim-
iting viral replication. Both dsRNA binding proteins TRBP
and PACT regulate PKR activity and consequently the
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host-translational shutoff (26,27). The OAS/RNase L sys-
tem binds dsRNA and induces cleavage and degradation
of RNA to limit viral replication, and participates in the
translational shut off response by promoting turnover of
the host mRNAs (28–30). In addition to their role as di-
rect antiviral factors, the dsRNA binding proteins DICER,
DGCR8 and DROSHA have shown to be essential to con-
trol the antiviral response (31–34). Considering that both
NF90 and NF110 can also bind dsRNA, and their previ-
ously reported role as direct antiviral factors by interfer-
ing with the function of viral-encoded proteins and viral
RNAs, here we characterized the role of NF90/NF110 in
regulating the activation of the IFN pathway by dsRNA
stimulation and in the establishment of the host transla-
tional shutoff. By combining polysome profiling and high-
throughput RNA sequencing analyses, we uncovered a role
for NF90/NF110 in establishing the gene expression pro-
file associated with the activation of the dsRNA-mediated
type I IFN response, at the transcriptional and translational
level. Specifically, theNF110 isoformwas found to be essen-
tial for efficient translation of IFNB1mRNA, the central cy-
tokine of the antiviral response and a subset of ISGs in an
environment where cap-dependent translation is compro-
mised. In agreement, in the absence of NF90/NF110, cells
displayed impaired antiviral activity, which correlated with
attenuated production of ISGs. We propose a role for ILF3
in enhancing translation of IFNB1 and ISGs during the host
translational shutoff response, thereby providing effective
levels of these antiviral proteins and ensuring a competent
type I IFN response.
MATERIALS AND METHODS
Cell lines, transfections, poly(I:C) and IFN- stimulation
HeLa and A549 cell lines were maintained in DMEM
supplemented with 10% (v/v) foetal calf serum and 1%
Penicillin/streptomycin at 37◦C and 5%CO2. Transfections
of poly(I:C) (2 g/ml, HMW, tlrl-pic; Invivogen) were
performed using Lipofectamine 2000 according to the
manufacturer’s instructions. Four hours post-transfection,
cells were collected for downstream applications. For
IFN- stimulation, HeLa cells were treated with 100U
of recombinant human IFN- (Peprotech, 300–02BC)
for 4 h and harvested. Knock-down experiments were
performed by two consecutive rounds of transfection with
siRNA pools against ILF3 (L-012442–00-0005, Dharma-
con) or EIF2AK2 (L-003527–00-0005, Dharmacon) in
HeLa or A549s. As a negative control, a non-targeting
siRNA pool was used (D-001810–10-05, Dharmacon).
Individual siRNAs against both major ILF3 isoforms





GG[2flG]C) siRNAs were used. Briefly, cells were seeded
at 50–60% confluency and transfected with 25 nM siRNAs
using Dharmafect. After 24 h, cells were split and trans-
fected with a second round of siRNAs. Cells were collected
for downstream processing 72 h after the first transfection.
RNA extraction and RT/qRT-PCR analyses
Total RNA was extracted using Trizol and reverse tran-
scribed (RT) using MMLV (Promega) or Transcriptor Uni-
versal cDNA master (Roche) using random hexamers or
oligo-dT and analysed by quantitative polymerase chain re-
action (qPCR) in a Roche Lightcycler 480 II system. For
oligonucleotides sequences see Supplementary Table S1.
Analyses (2-Ct) were performed by normalization against
RN7SK or 18S rRNA levels.
Cell lysis and western blotting
Cells were lysed in RIPA buffer (50 mM Tris–HCl, pH 7.5,
1% Triton X-100, 0.5% Na-deoxycholate, 0.1% sodium do-
decyl sulphate (SDS), 150 mM NaCl), supplemented with
protease inhibitor cocktail (Roche), 5 mM NaF and 0.2
mM Sodium orthovanadate. Protein lysates were mixed
with reducing agent and LDS sample buffer (Novex, Ther-
moFisher) and denatured at 70◦C for 10 min and loaded
in Novex Nupage 4–12% Bis-Tris gels. Gels were trans-
ferred onto nitrocellulose membrane using the iBlot2 sys-
tem (ThermoFisher). Membranes were blocked with PBS-
0.05% Tween and 5%milk for 1 h at room temperature with
agitation, before overnight incubation with primary anti-
bodies. Antibodies against PKR (ab45427 Abcam), ILF3
(ab92355 Abcam), s6RP (2317S CST), eIF6 (3833S CST),
ILF2 (ab154169 Abcam), -tubulin (CP06 Merck), fibril-
larin (ab5821 Abcam), phospho-eIF2 (Ser-51) (D9G8)
(3398S CST), IFNAR1 (ab10739 Abcam), IFIT3 (ab76818
Abcam), OASL (ab191701), IRF1 (CST #8478), eIF3M
(Bethyl, A305–029A), anti-rabbit HRP (CST) and anti-
mouse HRP (Bio-Rad) were used. Proteins were visualized
using ECL (Pierce) on a Bio-Rad ChemiDoc imaging sys-
tem. Protein bands were quantified using ImageJ (v1.51p)
software and normalized to -tubulin or fibrillarin.
ELISA, IFN bioactivity and virus protection assay (TCID50)
A549 and HeLa cells were depleted of ILF3 and poly(I:C)
stimulated as described above. Conditioned medium was
harvested after 4 h of poly(I:C) stimulation for HeLa cells
and 6 h in A549 to quantify IFN- production by ELISA
using the Quantikine human IFN- ELISA kit (R&D sys-
tems, DIFNB0) according to the manufacturer’s protocol.
Data were collected using a Varioskan Flash plate reader.
For viral protection assays, A549 were transfected with ei-
ther mock (non-targeting siRNA) or siRNAs against ILF3
for 72 h, prior to poly(I:C) transfection (2 g/ml). Next,
medium was collected, centrifuged for 3 min at 500 × g
and filtered using a 0.22 m filter. For ISG induction anal-
yses, A549 cells were seeded and treated with a 1:2 dilu-
tion of conditioned medium for 4 h and harvested for qRT-
PCR analyses. For the 50% Tissue Culture Infective dose
(TCID50) assays, A549 cells were seeded into 96-well plates
and treated for 4 h with the following conditioned medium
dilutions: 1:2, 1:10, 1:50, 1:100 and 1:250. Next, cells were
infected with eight serial dilutions of Echovirus 7, with at
least 6 wells per dilution and incubated for at least 24 h be-
fore counting infected wells. TCID50 values were calculated
using the Spearman andKa¨rber algorithm, as inWitteveldt
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1.5 g/ml of neutralizing antibodies against IFNAR1 for
2 h prior to the conditioned media treatment, as previously
described in Szabo et al., (35).
Polysome profiling
Gradient buffer solution (0.3MNaCl, 150 mMMgCL2, 15
mM Tris–HCL pH 7.5, 2 mM DTT and 0.1 mg/ml cyclo-
hexamide) containing different sucrose concentrations was
layered in Beckman Coulter 14 ml polypropylene ultracen-
trifuge tubes. A total of 0.5 ml of 60% sucrose followed by
1.6 ml of each, 50, 42, 34, 26, 18 and 10% sucrose solutions
were poured followed by flash freezing in liquid nitrogen af-
ter every layer. Gradients were stored at −80◦C until use
and defrosted overnight at 4◦C to allow them to equilibrate.
For polysome gradient fractionation, one 10 cm plate of
HeLa cells at 80% confluency was used. Fresh medium was
added to cells for 1 h prior harvesting to ensure active pro-
tein synthesis. Next, 50 ng/ml cycloheximide (CHX, Sigma)
was added to the medium and incubated for further 30 min
at 37◦C, before transferring to ice, where cells were washed
twice with 2 ml ice-cold phosphate-buffered saline (PBS)
containing 50 ng/ml CHX. To harvest, cells were scraped
into 2 ml ice-cold PBS containing 50 ng/ml CHX and pel-
leted by centrifugation at 1400 rpm (300 × g) at 4◦C for 5
min. The supernatant was removed and 0.5 ml ice-cold ly-
sis buffer (Gradient Buffer; 1% Triton X 100) was added,
lysates were passed several times through a 25G needle and
incubated on ice for 10min. Lysates were then transferred to
a 1.5 ml microfuge tube and centrifuged at maximum speed
(20 000 × g) for 10 min at 4◦C. Supernatant was next care-
fully layered onto a sucrose gradient, and centrifuged at 256
000 × g (38 000 rpm) for 1 h 50 min at 4◦C in a SW40 ro-
tor in a Beckman L60 Ultracentrifuge. Ten 1-ml fractions
were collected using a fraction collector (FoxyR1) monitor-
ing optical density (Teledyne ISCOUA-6 detector with Op-
tical unit 11). Constant flow rate was achieved using a pump
syringe (Brandel) and Fluorinert FC770 (Flourinert). Op-
tical absorbance of the solution was read at 254 nM and
recorded directly using PeakTrak software V. 1.1. For pro-
tein extraction, 20% (v/v) final of cold TCA was added to
each fraction and incubated on ice for 10 min prior cen-
trifugation (20 000 × g for 5 min at 4◦C). The pellet was
washed twice in 1 ml acetone (−20◦C) followed by centrifu-
gation. After the last acetone wash, the pellet was air-dried
and dissolved in 100 mM Tris–HCl pH 8.0 to be loaded
in SDS-polyacrylamide gel electrophoresis gels and western
blot analyses. For RNA analyses, RNAwas either extracted
from each individual fraction or pooled into subpolyso-
mal or polysomal pools. For this, three volumes of abso-
lute ethanol were added to each fraction along with 0.1%
SDS and precipitated overnight at −20◦C. Samples were
centrifuged at 5000 × g for 50 min at 4◦C, and pellets re-
suspended in 50 l water at 4◦C with gentle agitation for an
hour. Finally, Trizol LS was used to extract RNA, accord-
ing to themanufacturer’s protocol. To disrupt polysomes by
ethylenediaminetetraacetic acid (EDTA) treatment, lysates
were pre-treated with EDTA (50 mM) before sucrose frac-
tionation.
For high-throughput sequencing analyses, RNA was ex-
tracted from pooled polysomal fractions (polysome pro-
filing) or directly from cells (total RNA profiling). HeLa
cells were either ILF3-depleted by ILF3-targeting siR-
NAs or transfected with non-targeting siRNAs as a con-
trol (siMock), followed by stimulation with poly(I:C). Ex-
periments were performed in three biological replicates.
For total RNA profiling, library preparation and sequenc-
ing for total RNA sequencing was carried out by BGI
(HongKong). Briefly, total RNAwas rRNA-depleted using
the Ribo-zero rRNA depletion kit (Illumina) and strand-
specific libraries were prepared using the Illumina Truseq
protocol (Illumina) and sequenced on an Illumina HiSeq
4000 generating 100 bp paired end reads. For polysome
profiling, library preparation and sequencing were carried
out by Novogene (Hong Kong). Libraries were enriched for
mRNAs using polyA + selection and non-strand-specific li-
braries prepared using the Illumina Trueseq protocol (Illu-
mina) and sequenced on an IlluminaHiSeq 4000 generating
150 bp single end reads.
Bioinformatic analyses
Total and polysome associated RNA-sequencing datasets
were processed with the following RNA-seq pipeline; quan-
tification of transcript and gene level abundances per sam-
ple were performed with Salmon v0.9.1 (parameters: –
seqBias -g) (36) over the Gencode v24 reference human
transcriptome (37). Estimated counts were retrieved as in-
put for differential expression analyses. Only protein cod-
ing genes were considered in the case of polysomal samples.
Statistical inference of regulated genes between each pair
of conditions were calculated with the EgdeR v3.24.3 (38)
R library using trimmed mean of M-value normalization
(TMM) and the generalized linear model (GLM). Differen-
tially regulated geneswere examinedwith anFDRcut-off of
0.05 obtained with the Benjamini & Hochberg correction.
MA-plots, heatmaps, boxplots were generated using gplots,
pheatmap and the viridis R libraries. Overlapped MA-plot
representations (Figures 1B, 4A andD)were obtained using
sliding bins along the complete range of the average expres-
sion logCPM (size = 1.5, step = 0.5), quartiles and median
were retrieved in bins with more than 25 genes. The average
expression for each gene was calculated using the logCPMs
obtained in each of the conditions compared.
For GC-content analyses, the longest isoform annotated
for each protein coding gene was retrieved (Gencode v24,
(37)). Genic regions were obtained according to the annota-
tions and the following nucleotide contents calculated: GC-
content (S/W), R/Y, A/T and G/C. To define the subset of
GC or AT-richness, groups were chosen after splitting by
the median of the total protein coding genes.
The list of ISGs was generated from the significantly up-
regulated genes in our total RNA-seq dataset and cross-
referenced using the Interferome 2.0 database (39) with the
following search conditions; Interferon type: Type I, Sub-
type: IFN-beta, Species: Homo sapiens. 5′TOP mRNAs
were obtained fromYamashita et al., (40). IRES-containing
genes were obtained from Weingarten-Gabbay et al., (41)
and IRESite (www.IRESite.org) (42). For a complete list of
ISGs, TOP and IREs genes see Supplementary Excel File 1.
Functional enrichment analysis of significantly differen-
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Figure 1. ILF3 is required to induce a robust type I IFN response (A) Heatmap of significantly induced ISGs (from n= 567 ISGs annotated in Interferome,
n = 374 were significantly induced after p(I:C) stimulation in HeLa cells), comparing expression values (CPM) normalized by gene (B) Log2 fold change
of differentially expressed genes during dsRNA stimulation (siMock p(I:C) versus siMock) and during dsRNA stimulation in the absence of ILF3 (siILF3
p(I:C) versus siMock); solid line is the median value, and shaded area is the region between the first and third quartiles of the distribution. The average
expression (x-axis) is calculated using the logCPMs for each gene obtained in the pairwise comparison (C) Box-plot analyses of differential gene expression
during dsRNA stimulation for: all genes, significantly induced ISGs, TOP and IRES mRNAs in the presence (siMock p(I:C) versus siMock) or absence
of ILF3 (siILF3 p(I:C) versus siMock), P-value by Mann–Whitney U test (D) qRT-PCR analyses of ISGs expression levels in the presence (siMock) or
absence of ILF3 (siILF3), data show the average of at least 5 biological replicates ± std error, (**) P l< 0.001 by two-way ANOVA followed by Tukey’s
multiple comparison test.
cyclopaedia of Genes and Genomes (KEGG, http://www.
genome.jp/kegg/) and REACTOME (http://reactome.org)
databases, implemented using the Intermine R library and
the humanmine database (43,44). KEGG and REACTO
MEenriched termswere selected using a false discovery rate
threshold of 0.05 (Holm–Bonferroni correction).
RESULTS
ILF3 depletion affects expression of the antiviral type I IFN
program
During homeostasis, ILF3 has been involved in most steps
of the gene expression pathway, from transcription to trans-
lation, including splicing, RNA stability and export (14).
However, the role of ILF3 during cellular stress, such as
the antiviral IFN response, is still unknown. To elucidate
the function of ILF3 during the antiviral response, total
gene expression analyses by RNA-sequencing were per-
formed during ILF3 depletion in conditions of type I IFN
activation (Supplementary Figure S1A). For this purpose,
HeLa cells were depleted of ILF3 with siRNAs targeting
both major isoforms, NF90 and NF110, and the type I
IFN response was induced by transfection of the dsRNA
analogue, poly(I:C). This analogue activates the expres-
sion of type I IFNs, but also induces translational shut-
off by stimulation of PKR and RNAse L activity. Analy-
ses of total RNA sequencing of poly(I:C)-stimulated HeLa
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but not IFNA, and induction of more than 300 classi-
cal interferon-stimulated genes (ISGs), as expected (Figure
1A and Supplementary Excel File 2). KEGG and Reac-
tome analyses for upregulated genes were enriched for ‘In-
terferon alpha/beta signalling’ and ‘immune system’ cat-
egories, whereas metabolic genes were represented in the
group of downregulated genes during dsRNA stimulation
(Supplementary Figure S1B). The depletion of ILF3 signif-
icantly changed the levels of 12% of the poly(I:C)-induced
genes and 10% of the poly(I:C)-downregulated genes, sug-
gesting that most of the observed changes in gene expres-
sion upon activating the type I IFN response were con-
served in the absence of ILF3 (Supplementary Figure S2A
‘siILF3 p(I:C) versus siMock p(I:C)’ and ‘siILF3 p(I:C) ver-
sus siILF3′), for depletion levels see Supplementary Fig-
ure S2B). During homeostasis, ILF3 depletion only caused
a minor effect on the steady-state levels of transcripts, as
<1% of the analysed genes displayed significant changes in
their relative expression (Supplementary Figure S2A, for a
complete list see Supplementary Excel File 2). A more de-
tailed analysis of ILF3-dependent changes in gene expres-
sion revealed differential behaviour depending on the av-
erage expression of the genes (average expression is calcu-
lated using the logCPMs obtained for each gene in the two
conditions compared). Upon dsRNA stimulation, on aver-
age lowly expressed genes were upregulated and highly ex-
pressed genes were downregulated. The depletion of ILF3
partially impaired this response to dsRNA (Figure 1B).
Specific analyses of annotated interferon-stimulated genes
(ISGs) upregulated after poly(I:C) transfection revealed
that ILF3 was necessary to stimulate their expression (Fig-
ure 1A and C). Other subgroups of genes, such as IRES and
TOP (5′terminal oligopyrimidine motif)-containing mR-
NAs were not negatively affected by ILF3 depletion, sug-
gesting that the positive effect of ILF3 on expression was
ISG-specific (Figure 1C and Supplementary Figure S2C).
TOP mRNAs are enriched for genes encoding protein syn-
thesis factors, such as ribosomal proteins, and their trans-
lation is regulated during stress growth conditions by the
mTOR pathway (45). On the other hand, IRES-containing
mRNAs bypass the need of 5′end cap structure to initi-
ate translation and directly recruit the ribosome internally
to the mRNA (46). These results were validated by qRT-
PCR, confirming a reduction in the production of the ISGs,
IFTI2, ISG15, CCL5 and CXCL10 in the absence of ILF3
(Figure 1D). The expression levels of IFNB1 mRNA, the
central player in initiating the type I IFN response and in-
ducing the expression of ISGs, remained unchanged in the
absence of ILF3 (Figure 1D). These analyses suggest that
ILF3 is essential to induce a robust type I IFN gene expres-
sion program.
ILF3 associates with polysomes and regulates IFNB1mRNA
translation
While the levels of some ISGs were reduced in the absence
of ILF3, the mRNA levels of IFNB1, the major driver
in inducing their expression, were unchanged. Consider-
ing the previously reported role of ILF3 on mRNA trans-
lation (18,19), we next aimed to study if ILF3 could be
regulating the translation of IFNB1 mRNA, and as con-
sequence differential ISG expression. To test this possibil-
ity, we assessed the rate of IFNB1 translation by polysome
profiling, in addition to measuring IFN- protein levels by
ELISA. First, co-sedimentation of the different ILF3 iso-
forms with polysomes was characterized by sucrose frac-
tionation analyses of HeLa cytoplasmic extracts stimu-
lated with or without poly(I:C). During homeostasis, both
major alternatively spliced isoforms of ILF3, NF90 and
NF110, were found to associate with polysomes (Figure
2A, fractions 6–9), as well as lighter fractions, containing
the 40S and 60S ribosomal particles (Figure 2A fractions
3–4, respectively), and monosomes (80S) (Figure 2A, frac-
tion 5, quantification in Figure 2B). After stimulation with
poly(I:C), a major drop in the levels of actively translat-
ing polysomes was observed, as expected by the dsRNA-
activated translational shutoff (Figure 2A, top right panel).
The translational shutdown was further confirmed by as-
sessing the co-sedimentation profiles of ribosomal mark-
ers. eIF6 serves as a marker for pre-ribosomal subunit 60S,
which dissociates from the nascent 60S particle when the
mature 80S ribosome is formed (47). The ribosomal pro-
tein S6 (S6RP) serves as a marker for the small 40S riboso-
mal subunit. In poly(I:C)-stimulated conditions, S6RP no
longer co-sedimented in the heavier polysomal fractions,
confirming successful activation of the translational shutoff
response (Figure 2A, bottom right panel). Under these con-
ditions, NF110 isoform disengaged from heavier polyso-
mal fractions, accumulating in the lighter fractions (Figure
2A, quantification in Figure 2B top panel), whereas NF90
profile remained similar when compared to non-stimulated
cells (Figure 2A, quantification in Figure 2B bottom panel).
Both NF90 and NF110 are known substrates of the ki-
nase PKR, one of the essential factors driving the trans-
lational shutoff during the dsRNA-mediated antiviral re-
sponse (13). We therefore measured ILF3 isoforms associ-
ation with polysomes in the absence of PKR (Figure 2C).
Interestingly, the NF110 isoform shifted to lighter molec-
ular weight fractions in the absence of PKR during home-
ostasis (Figure 2D left panel, compared to Figure 2A left
panel), suggesting that association of this isoform with
polysomes depends on PKR. Stimulation of PKR-depleted
cells with poly(I:C) did not result in further changes in
NF90 and NF110 sedimentation, when compared to non-
stimulated PKR-depleted cells (Figure 2D), even though
a less pronounced translational shutoff was observed, as
evidenced by residual S6RP co-fractionation with higher
molecular weight fractions (compare Figure 2D, right panel
with Figure 2A, right panel). To confirm that ILF3 iso-
forms were indeed associated with polysomes, cytoplasmic
extracts pre-treated with EDTA were fractionated to mon-
itor NF90/NF110 sedimentation. EDTA treatment, which
forces dissociation of ribosomal subunits, resulted in both
NF90 and NF110 disengaging from the polysomal frac-
tions (Figure 2E, from fraction 6 onwards). All these data
support that NF90 and NF110 directly associate with ac-
tively translating ribosomes, and NF110 association with
polysomes is dependent on PKR.
Considering these results, we next aimed to determine
if ILF3 could regulate IFNB1 translation. We performed
polysomal fractionation and assessed IFNB1 mRNA asso-






/nar/advance-article-abstract/doi/10.1093/nar/gkz1060/5614571 by Edinburgh U
niversity user on 11 N
ovem
ber 2019
6 Nucleic Acids Research, 2019
Figure 2. ILF3 isoforms associate with polyribosomes (A) (top) Sucrose fractionation of cytoplasmic extracts from mock (top left) or poly(I:C) (top right)
stimulated HeLa cells. UV absorbance (254 nm) is represented in the y-axis, for each of the fractions collected after centrifugation (x-axis) (bottom) western
blot analyses for co-sedimentation studies of NF110, NF90 and NF45 in the collected fractions. eIF6 and S6RP serve as markers for free 60S and mature
ribosomes containing 40S, respectively (representative blots for each condition) (B) Average (n = 5) distribution of the co-sedimentation of the NF110
(top) and NF90 (bottom) isoforms in polysomal fractionation during homeostasis (-p(I:C)) and the dsRNA-activated response (+p(I:C)) (C) qRT-PCR
quantification of EIF2AK2mRNA after transient depletion in HeLa cells (top), data shown are the average (n= 3) ± sem, (*) P-value < 0.05 by Student’s
t-test. Western blot analyses of PKR protein levels upon transient depletion (bottom), GAPDH serves as a loading control (D) (top) Sucrose fractionation
of cytoplasmic extracts from PKR (EIF2AK2) depleted HeLa cells during mock (left) or dsRNA-stimulated conditions (right) (bottom) western blot
analyses of NF90 and NF110 in fractions after gradient centrifugation of cytoplasmic extracts from PKR-depleted (siEIF2AK2) HeLa cells in the absence
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translation, in the presence or absence of ILF3. We again
confirmed that ILF3 depletion did not significantly affect
the levels of IFNB1mRNA induction (Figure 3A). In addi-
tion, we confirmed that depletion of NF90/NF110 did not
change the levels of eIF2 phosphorylation, but resulted
in destabilization of NF45 (Figure 3B), as previously re-
ported (21). We next studied the sedimentation of IFNB1
mRNA with polysomes in the presence or absence of ILF3
by semi-quantitative RT-PCR on each of the collected frac-
tions, as in Figure 3C. Successful poly(I:C)-activated trans-
lational shutoff was confirmed by the shift of FOS mRNA
from heavier to lighter polysomal fractions (Figure 3D,
compare top left and right panels). Interestingly, the de-
pletion of ILF3 affected the distribution and association of
IFNB1mRNA with polysomes, suggesting that ILF3 regu-
lates translation of this mRNA (Figure 3D, bottom gels).
In addition, IFNB1 mRNA in pooled subpolysomal and
polysomal fractions was quantified by qRT-PCR and con-
firmed that ILF3 depletion significantly decreased the co-
sedimentation of IFNB1 mRNA with polysomes, suggest-
ing that ILF3 may indeed regulate IFN- protein produc-
tion (Figure 3E). This was confirmed by quantifying IFN-
protein levels by ELISA in the supernatants of both HeLa
and A549 cells after stimulation with poly(I:C). ILF3 de-
pleted cells showed a significant decrease in IFN- protein
levels (Figure 3F).
As ILF3 encodes the two major isoforms NF90 and
NF110 and only theNF110 associationwith polysomes was
affected during poly(I:C) stimulation, we next assessed if
regulation of IFNB1 mRNA association with polysomes is
isoform specific. For this purpose, we designed specific siR-
NAs targeting NF90 or NF110. Extracts depleted for these
factors were fractionated, and subpolysomal and polyso-
mal fractions were pooled to quantify the IFNB1 mRNA
in these two populations. Interestingly, the depletion of
NF110, but not NF90, caused a decrease in the associa-
tion of IFNB1mRNAwith the polysomal fractions (Figure
3G–I). All these results suggest that translation of IFNB1
mRNA is enhanced by the NF110 isoform of ILF3 after
dsRNA stimulation.
ILF3 is necessary for the host translational shutoff and trans-
lation of ISGs
Considering the previously reported role of ILF3 in regulat-
ing translation during homeostasis and its role in enhancing
IFNB1 mRNA translation, we next wanted to characterize
the impact of ILF3 function in global translation during
the type I IFN response. For this purpose, mRNA was ex-
tracted in triplicates from pooled polysomal fractions from
poly(I:C) stimulated and unstimulated HeLa cells in the
presence or absence of ILF3 and the transcriptome was se-
quenced (Supplementary Figure S3A). After dsRNA stimu-
lation, we observed two populations of protein-coding mR-
NAs that were differentially affected by ILF3. First, a pop-
ulation of low abundance transcripts that became more as-
sociated with polysomes during dsRNA stimulation, and
second, a highly expressed population that became less as-
sociated (Figure 4A and Supplementary Figure S3B, for
complete list see Supplementary Excel File 3). Interestingly,
those mRNAs that were recruited to polysomes during ac-
tivation of the type I IFN response, which were mainly cy-
tokines and ISGs, were less engaged in the absence of ILF3
(Figure 4A, for KEGG analyses Supplementary Figure
S4A). Conversely, highly associatedmRNAs, which contain
housekeeping genes and ribosomal proteins, no longer dis-
sociated from polysomes during poly(I:C) stimulation upon
ILF3 depletion (Figure 4A, for KEGG analyses Supple-
mentary Figure S4B). To explore these observations further,
we analysed subgroups of protein-coding genes separately
and confirmed that ISGs were significantly less enriched
in polysomes in the absence of ILF3, whereas TOP mR-
NAs became more enriched, and IRES mRNAs remained
similarly enriched in polysomes upon ILF3 depletion (Fig-
ure 4B and Supplementary Figure S4C). There are several
features in mRNAs that dictate their translatability, for in-
stance, the GC-content of an mRNA positively correlates
with efficient polysomal association (48). In agreement with
this, we observed that GC-rich genes were also more asso-
ciated with polysomes upon dsRNA stimulation, whereas
AT-rich genes were disengaged, and this effect was attenu-
ated upon ILF3 depletion (Figure 4C). Amore refined anal-
ysis, considering the average expression of these genes, re-
vealed that ILF3 depletion reverted some of these observa-
tions. Highly expressed AT-rich genes were no longer disen-
gaged frompolysomes, and low andmedium-expressedGC-
rich genes were less efficiently associated with polysomes
(Figure 4D). Importantly, ISGs have a heterogeneous GC-
content distribution, suggesting that the differential associ-
ation of these genes with polysomes cannot be directly at-
tributed to the GC-content effect revealed by our analyses.
Our data suggest that the ISGs and TOP mRNAs sub-
groups display opposite behaviours in polysomal associa-
tion upon ILF3 depletion. ISGs associationwith polysomes
was affected by the absence of ILF3 (Figure 5A), whereas
TOP mRNAs, which are disengaged from polysomes upon
activating the host translational shutoff, reverted to almost
homeostatic levels in the absence of ILF3 (Figure 5B). qRT-
PCR analyses of pooled subpolysomal and polysomal frac-
tions confirmed that ILF3 depletion led to a significant re-
duction in polysome association for the ISGs IFIT3, CCL5,
IFIT2, ISG15, CXCL10 and DDX58, supporting a positive
role of ILF3 in ISGs translation (Figure 5C). At the protein
level, we confirmed that in the absence of ILF3, ISGs such
as IFIT3, OASL and IRF1 were less induced (Figure 5D).
The opposite effect was confirmed for the TOP mRNA,
EIF3M. Polysomal association of EIF3M was lost during
dsRNA stimulation, and this effect was reversed by deple-
tion of ILF3, as a controlACTB association was quantified
(Supplementary Figure S5A and B). However, no changes
in eIF3M protein levels were observed, whichmay be due to
the its high stability and the brief time of stimulation with
poly (I:C) (Supplementary Figure S5A).
To further elucidate the function of ILF3 on ISGsmRNA
translation, we assessed if differential ISG polysomal as-
sociation could be directly attributed to ILF3 presence or
be a secondary consequence of lowered IFN- production
and ISG expression. To this end, polysome profiles of cells
depleted or not of ILF3 and stimulated with recominant
IFN- were compared. A proportion of the tested ISGs
(IFIT3, IFIT2 and ISG15) followed the same behaviour as
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Figure 3. NF110 is necessary for IFNB1mRNA translation. (A) Quantification of IFNB1mRNA levels 4 h after poly (I:C) transfection in mock (siMock)
or ILF3-depleted cells (siILF3) by qRT-PCR. Data show the average (n = 12) ± sem relative to mock and normalized to RN7SK. P-value (N.S., not
significant by two-way ANOVA followed by Tukey’s multiple comparison test. (B) Representative western blot analyses for NF90 and NF110 depletion
after siRNA transfection, andNF45 and phosphorylated eIF2 levels. Fibrillarin serves as a loading control. (C) (top) Sucrose fractionation of cytoplasmic
extracts from mock siRNA transfected HeLa cells stimulated or not with poly(I:C) (top right versus top left). (bottom) Polysomal fractionation of siILF3
depletedHeLa cell extracts stimulated or not with poly(I:C) (right versus left). UV absorbance (254 nm) is represented in the y-axis, for each of the fractions
collected after centrifugation (x-axis). (D) RT-PCR detection of FOS (top) and IFNB1 (bottom) mRNA co-sedimentation in each of the fractions collected
in (C). (E) qRT-PCR analyses of IFNB1 mRNA relative abundance in subpolysomal and polysomal pooled fractions. Data show the average (n = 3) ±
sem normalized to 18S rRNA and relative to subpolysomal levels in mock, (**) P l< 0.001 by two-way ANOVA followed by Tukey’s multiple comparison
test. (F) IFN- quantification by ELISA from poly(I:C) stimulated A549 cells (left) and HeLa (right) upon ILF3 depletion, compared to mock-depleted
cells (siMock). Data show the average (n= 4 in A549, n= 3 in HeLa ± sem, (**) P l< 0.001 by two-way ANOVA followed by Tukey’s multiple comparison
test. (G andH) qRT-PCR quantification of IFNB1mRNA relative abundance in subpolysomal and polysomal pooled fractions fromNF110 (G), or NF90
depleted HeLa cells (H), data show the average,(n= 3 in (F), n= 2 in (G))± sem, normalized to 18S rRNA and relative to subpolysomal levels in mock, (*)
P l< 0.05, (**) P l< 0.001 by two-way ANOVA followed by Tukey’s multiple comparison test, N.S. not significant. (I) Representative western blot analyses
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Figure 4. ILF3 controls dsRNA-mediated translational response. (A) Log2 fold change of differential enrichment of genes in polysomal fractions during
dsRNA stimulation (siMock p(I:C) versus siMock) and in the absence of ILF3 (siILF3 p(I:C) versus siMock), x-axis represents the average expression
for each of the genes in the two compared conditions. (B) Box-plot analyses of differential enrichment in polysomal fractions for: all genes, induced ISGs,
TOP and IRES mRNAs during the type I IFN response (siMock p(I:C) versus siMock) and upon ILF3 depletion (siILF3 p(I:C) versus siMock), Mann–
Whitney U test P-value. (C) Box-plot analyses of differential enrichment in polysomal fractions for AT-rich (left) and GC-rich (right) genes upon the
antiviral response (siMock p(IC) versus siMock) and after ILF3 depletion during the antiviral response (siILF3 p(IC) versus siMock) and homeostasis
(siILF3 versus siMock). (D) Log2 fold change of differential enrichment of AT- and GC-rich genes in polysomal fractions during dsRNA stimulation
(siMock p(I:C) versus siMock) and in the absence of ILF3 (siILF3 p(I:C) versus siMock), x-axis represents the average expression for each of the genes in
the two compared conditions.
ential polysomal association of these ISGs were due to di-
rect ILF3 action (Supplementary Figure S6).
All these data suggest that ILF3 has a dual function
on mRNA translation during the type I IFN response by
enabling translation of ISGs mRNAs and impairing TOP
mRNApolysomal association. In addition, ILF3was found
to repress association of AT-rich genes with polysomes. All
these together support the hypothesis that ILF3 has amajor
role in regulating the association with polysomes of impor-
tant subtypes of genes during the host-translational shutoff.
ILF3 is necessary for type I IFN induction in response to
dsRNA
As we have shown that ILF3 has an essential role in the
expression of ISGs, we next wanted to evaluate the func-
tional relevance of this regulation. For this purpose, mock
or ILF3-depleted A549 cells were stimulated with poly(I:C)
and the supernatant, or conditioned medium, was collected
and added to naive cells to measure ISG induction and con-
firm differential type I IFN production and secondly, mea-
sure differential protection against viral infections (Figure
6A). Addition of conditioned medium from poly(I:C) stim-
ulated cells induced the expression of ISGs IFIT1, RSAD2,
IFIH1 and DDX58, and as expected, medium from ILF3-
depleted cells resulted in significantly lower expression lev-
els of the same ISGs (Figure 6B), confirming that the pro-
duction of type I IFN, which is essential to drive the expres-
sion of these genes, is diminished in the absence of ILF3.
As a functional approach, we tested if conditioned
medium generated in the absence of ILF3 conferred de-
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Figure 5. ILF3 is necessary for translation of ISGs. (A) Heatmap of ISGs enrichment in polysomal fractions (n = 374) during homeostasis (mock), versus
activated type I IFN response (siMock p(I:C)) and activated IFN response in the absence of ILF3 (siILF3 p(I:C)). (B) Heatmap of TOPmRNAs enrichment
in polysomal fractions (n = 45) in the same conditions as in (A) (C) qRT-PCR quantification of ISG enrichment in subpolysomal and polysomal pooled
fractions in mock (-p(I:C)) or stimulated (+p(I:C)) HeLa cells, in the presence or absence of ILF3. Data show the average (n = 3) ± s.e.m, normalized to
18S rRNA and relative to subpolysomal level in mock (*) P l< 0.05, (**) P l< 0.001 by two-way ANOVA followed by Tukey’s multiple comparison test,
N.S, non-significant. (D) IFIT3, OASL and IRF1 western blot analyses upon dsRNA stimulation (lane 2), and in the absence of ILF3 (lane 4), tubulin
and fibrillarin serve as loading controls.
ditionedmediumwere added to fresh A549 cells to test their
sensitivity to Echovirus 7 infection byTCID50. Conditioned
medium generated in ILF3-depleted cells was able to con-
fer less resistance to Echovirus 7 infections, with an almost
100-fold reduction in protection observed at the lowest di-
lution (Figure 6C). To verify if the differential expression of
IFN-was in part responsible for the observed difference in
susceptibility, one of the subunits of the type I IFN recep-
tor, IFNAR1, was neutralized by pre-incubating cells with
an anti-IFNAR1 antibody before addition of conditioned
medium. Mock versus ILF3-depleted conditioned medium
resulted again in significant differences in conferring viral
protection to Echovirus 7 and blocking of IFNAR recep-
tor impaired the antiviral protection effect, rendering cells
susceptible to Echovirus 7 reaching similar levels to the un-
treated control (Figure 6D). These results support the hy-
pothesis that differences in viral protection observed be-
tween mock and ILF3-depleted cells are caused by differen-
tial production of ISGs, highlighting again the central role
for ILF3 in facilitating the establishment of a robust cellular
type I IFN response upon dsRNA stimulation.
DISCUSSION
The activation of the dsRNA-mediated antiviral response
involves drastic changes in the gene expression program of
cells which needs to be tightly regulated from transcrip-
tion to translation. In this work, we propose that the RNA-
binding protein ILF3, which is involved in many steps of
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Figure 6. ILF3 is necessary to establish antiviral protection (A) Schematic representation of the experiments performed in (B), (C) and (D). A549 cells were
siMock or ILF3-depleted followed by stimulation with poly(I:C). Medium was collected, and specific or serial dilutions were added into fresh A549 cells to
test ISGs induction levels or conferred protection to viral infections. (B) qRT-PCR quantification of ISG expression levels after incubation with siMock or
ILF3-depleted conditioned medium. Data show the average (n= 4)± sem, (*) P l< 0.05, (**) P l< 0.001 by one-way ANOVA followed by Tukey’s multiple
comparison test. (C) TCID50 assay using Echovirus 7 on A549 cells pre-incubated with serial dilutions of conditioned medium (y-axis) from ILF3- or
siMock-depleted A549 cells. Data show the average (n = 3) ± sd normalized to each siMock dilution, (*) P-value < 0.05 by Student’s t-test. (D) TCID50
assay using Echovirus 7 on A549 cell pre-incubated with a single dilution (20×) of conditioned medium produced in siMock and ILF3-depleted cells, as
a control, non-conditioned medium was added. Prior to infection, A549 were pre-incubated with anti-IFNAR1 receptor antibody. Data show the average
(n = 3) ± sd, (*) P-value < 0.05 by Student’s t-test.
tablishing a robust type I IFN program upon dsRNA stim-
ulation. We found this factor acts at the level of induction
of ISGs as well as enhancing their translation. These results
agree with the previously reported antiviral role of the ILF3
isoforms in the context of HIV and (+) ssRNA viral infec-
tions, although these effects were proposed to be mediated
by direct binding of ILF3 isoforms to the viral genome or vi-
ral proteins (49–52). To assess whether ILF3-mediated reg-
ulation of the gene expression pathway was mediated by di-
rect association of ILF3 with the different transcripts, we
compared our results to publicly available CLIP datasets
(53). Unfortunately, ILF3 binding is too ubiquitous to ob-
tain clear correlations between binding and changes in gene
expression upon ILF3 depletion. Whereas our analyses re-
vealed that ILF3 binds to thousands of different genes, it
primarily overlapped with Alu-derived sequences (data not
shown), confirming similar recent observations (25,54).
ILF3 had been previously suggested to have an inhibitory
role for the translation of mRNAs harbouring AT-rich mo-
tifs during homeostasis (18,19). Interestingly, our results
suggest a similar role for ILF3 during the type I IFN re-
sponse. AT-rich mRNAs were dissociated from polysomes
during the host translational shutoff, but this effect was re-
verted in the absence of ILF3, confirming a role of ILF3 in
inhibiting translation of AT-rich mRNAs during the host
translational shutoff. In addition, ILF3 was found to be es-
sential for efficient polysomal dissociation of TOP mRNAs
upon dsRNA stimulation. This effect did not seem to be a
consequence of differential activation of the host transla-
tional shutoff in the absence of ILF3, since similar levels of
phosphorylated eIF2 were detected. However, a decrease
in totalmRNA levels for TOPgeneswas also observed upon
dsRNA stimulation (Figure 1C), suggesting that the dif-
ferential polysome loading could be the combined result
of regulating the available pool of TOP mRNAs as well
as their association with polysomes. In contrast to these,
ILF3 was shown to be required for efficient translation of
IFNB1 and a subgroup of ISGs, suggesting an additional
role for ILF3 as a positive factor for translating essential
self-defence genes during the inhibition of cap-dependent
translation. Regarding ISGs, such as IFIT3 and DDX58,
ILF3 only affected their association with polysomes, result-
ing in decreased protein production. However, in a con-
siderable proportion of the ISGs analysed, ILF3 depletion
resulted in both changes in their RNA steady state levels
and their polysomal association, suggesting that both ef-
fects could provide a certain level of redundancy to guar-






/nar/advance-article-abstract/doi/10.1093/nar/gkz1060/5614571 by Edinburgh U
niversity user on 11 N
ovem
ber 2019
12 Nucleic Acids Research, 2019
layer of complexity is provided by the fact that ILF3 directly
regulates the production of the main inducer of ISGs, the
type I IFN, IFN-. To disentangle the specific contribution
of ILF3 in controlling ISGs translation, polysome profil-
ing of these mRNAs was studied upon exogenous IFN-
stimulation in the absence of ILF3. These analyses revealed
that the role of ILF3 in controlling ISG levels and polysome
loading was largely conserved between dsRNA and exoge-
nous IFN- stimulation, suggesting that direct ILF3 action
and not the differential expression of IFN- is responsible
for this regulation. Considering these results, we also hy-
pothesize that other cues resulting in type I IFN expres-
sion, such as cytoplasmic DNA or Toll-like receptors lig-
ands, could also depend on ILF3 to provide effective levels
of these relevant antiviral products.
To date, it is still unknown how ISGs escape the host
translational shutoff and engage with polysomes in the in-
fected cells. Upon dsRNA stimulation, TOP mRNAs and
other highly expressed genes disengage from polysomes.
This observation raises the exciting hypothesis that disen-
gagement of highly expressed genes from the polysomal
fractions during stress or poor-translating environments,
may be an essential step to allow polysomal engagement
of IFNs and ISGs. Interestingly, the regulation of IFNB1
mRNA translation was found to be specific for the NF110
isoform, which correlates with a shift in its polysomal co-
sedimentation pattern upon dsRNA stimulation. The shift
of NF110 to lighter ribosomal fractions during the transla-
tional shutoff leads us to hypothesize that NF110 could be
supporting successful initiation of translation of IFNB1 and
specific ISGs. In agreement with previous reports, we also
foundPKR to be essential for efficient association ofNF110
with translating ribosomes (13), which also suggests that ei-
ther direct protein-protein interactions with PKR, or some
basal phosphorylating activity of PKR on NF110 may be
necessary to retain this factor associated with polysomes
during homeostasis.
Whereas our study supports a positive role for ILF3
in promoting type I IFN and ISGs translation in cells in
which cap-dependent translation is compromised, the spe-
cific mechanism by which the translation of these cytokines
bypasses the translation shutoff during the antiviral re-
sponse remains unknown. Although type I IFNs increased
the levels of PKR, thus amplifying the translational shutoff
response, they have also been shown to stimulate the trans-
lation of certain ISGs in specific cell types. Type I IFNs can
activate the AKT-mTORpathway, which in turns phospho-
rylates and inactivates the repressor of translation 4E-BP1
(55). In agreement, absence of 4EBP1 enhances expression
of ISG15 and CXCL10 upon IFN stimulation (56). In addi-
tion, type I IFNs activate theMAPK pathways, a necessary
step for efficient translation of ISG15 and IFIT2 (57). Tak-
ing all these results into account, differential translation and
production of the type I IFN, IFN-, upon ILF3 depletion
could also be indirectly affecting the levels and translation
of some ISGs.
In summary, we have identified ILF3 as a stimulatory fac-
tor in the establishment of an optimal type I IFN antiviral
program, in which ILF3 enhances the production of IFN-
and ISGs, thus ensuring effective levels of antiviral factors
in conditions where cap-dependent translation is compro-
mised.
DATA AVAILABILITY
All high-throughput sequencing data has been deposited in
the GEO database, with accession number GSE130618.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
ACKNOWLEDGEMENTS
We thank our colleagues at the Institute of Immunology and
Infection Research for advice and discussions. We thank
Jeroen Witteveldt, Thomas Tan and Atlanta Cook for crit-
ical reading of the manuscript and Peter Simmonds (Uni-
versity of Oxford) for providing Echovirus 7.
FUNDING
Wellcome Trust [107665/Z/15/Z to S.M.]; University of
Edinburgh PhD Fellowship (to S. F.W.); National Research
Council in Argentina (CONICET) (to N.B.).
Conflict of interest statement.None declared.
REFERENCES
1. Watson,S., Knol,L., Witteveldt,J. and Macias,S. (2019) Crosstalk
between mammalian antiviral pathways. Noncoding RNA, 5, 29.
2. Novick,D., Cohen,B. and Rubinstein,M. (1994) The human
interferon alpha/beta receptor: characterization and molecular
cloning. Cell, 77, 391–400.
3. Schneider,W.M., Chevillotte,M.D. and Rice,C.M. (2014)
Interferon-stimulated genes: a complex web of host defenses. Annu.
Rev. Immunol., 32, 513–545.
4. Levin,D. and London,I.M. (1978) Regulation of protein synthesis:
activation by double-stranded RNA of a protein kinase that
phosphorylates eukaryotic initiation factor 2. Proc. Natl. Acad. Sci.
U.S.A., 75, 1121–1125.
5. Balachandran,S., Roberts,P.C., Brown,L.E., Truong,H.,
Pattnaik,A.K., Archer,D.R. and Barber,G.N. (2000) Essential role
for the dsRNA-dependent protein kinase PKR in innate immunity to
viral infection. Immunity, 13, 129–141.
6. Dalet,A., Gatti,E. and Pierre,P. (2015) Integration of PKR-dependent
translation inhibition with innate immunity is required for a
coordinated anti-viral response. FEBS Lett., 589, 1539–1545.
7. Meurs,E., Chong,K., Galabru,J., Thomas,N.S.B., Kerr,I.M.,
Williams,B.R.G. and Hovanessian,A.G. (1990) Molecular cloning
and characterization of the human double-stranded RNA-activated
protein kinase induced by interferon. Cell, 62, 379–390.
8. Harding,H.P., Zhang,Y. and Ron,D. (1999) Protein translation and
folding are coupled by an endoplasmic-reticulum-resident kinase.
Nature, 397, 271–274.
9. Zhang,P., McGrath,B.C., Reinert,J., Olsen,D.S., Lei,L., Gill,S.,
Wek,S.A., Vattem,K.M., Wek,R.C., Kimball,S.R. et al. (2002) The
GCN2 eIF2alpha kinase is required for adaptation to amino acid
deprivation in mice.Mol. Cell. Biol., 22, 6681–6688.
10. Chen,J.J., Throop,M.S., Gehrke,L., Kuo,I., Pal,J.K., Brodsky,M. and
London,I.M. (1991) Cloning of the cDNA of the heme-regulated
eukaryotic initiation factor 2 alpha (eIF-2 alpha) kinase of rabbit
reticulocytes: homology to yeast GCN2 protein kinase and human
double-stranded-RNA-dependent eIF-2 alpha kinase. Proc. Natl.
Acad. Sci. U.S.A., 88, 7729–7733.
11. Patel,R.C., Vestal,D.J., Xu,Z., Bandyopadhyay,S., Guo,W.,
Erme,S.M., Williams,B.R.G. and Sen,G.C. (1999) DRBP76, a
Double-stranded RNA-binding Nuclear Protein, Is Phosphorylated







/nar/advance-article-abstract/doi/10.1093/nar/gkz1060/5614571 by Edinburgh U
niversity user on 11 N
ovem
ber 2019
Nucleic Acids Research, 2019 13
12. Saunders,L.R., Perkins,D.J., Balachandran,S., Michaels,R., Ford,R.,
Mayeda,A. and Barber,G.N. (2001) Characterization of two
evolutionarily conserved, alternatively spliced nuclear
phosphoproteins, NFAR-1 and -2, that function in mRNA processing
and interact with the double-stranded RNA-dependent protein
kinase, PKR. J. Biol. Chem., 276, 32300–32312.
13. Harashima,A., Guettouche,T. and Barber,G.N. (2010)
Phosphorylation of the NFAR proteins by the dsRNA-dependent
protein kinase PKR constitutes a novel mechanism of translational
regulation and cellular defense. Genes Dev., 24, 2640–2653.
14. Castella,S., Bernard,R., Corno,M., Fradin,A. and Larcher,J.C.
(2015) Ilf3 and NF90 functions in RNA biology.Wiley Interdiscip.
Rev. RNA, 6, 243–256.
15. Patin˜o,C., Haenni,A.L. and Urcuqui-Inchima,S. (2015) NF90
isoforms, a new family of cellular proteins involved in viral
replication? Biochimie, 108, 20–24.
16. Schmidt,T., Knick,P., Lilie,H., Friedrich,S., Golbik,R.P. and
Behrens,S.-E. (2016) Coordinated action of two double-stranded
RNA binding motifs and an RGG motif enables nuclear factor 90 To
flexibly target different RNA substrates. Biochemistry, 55, 948–959.
17. Jayachandran,U., Grey,H. and Cook,A.G. (2016) Nuclear factor 90
uses an ADAR2-like binding mode to recognize specific bases in
dsRNA. Nucleic Acids Res., 44, 1924–1936.
18. Pfeifer,I., Elsby,R., Fernandez,M., Faria,P.A., Nussenzveig,D.R.,
Lossos,I.S., Fontoura,B.M.A., Martin,W.D. and Barber,G.N. (2008)
NFAR-1 and -2 modulate translation and are required for efficient
host defense. Proc. Natl. Acad. Sci. U.S,A., 105, 4173–4178.
19. Kuwano,Y., Pullmann,R., Marasa,B.S., Abdelmohsen,K., Lee,E.K.,
Yang,X., Martindale,J.L., Zhan,M., Gorospe,M. and Gorospe,M.
(2010) NF90 selectively represses the translation of target mRNAs
bearing an AU-rich signature motif. Nucleic Acids Res., 38, 225–238.
20. Corthe´sy,B. and Kao,P.N. (1994) Purification by DNA affinity
chromatography of two polypeptides that contact the NF-AT DNA
binding site in the interleukin 2 promoter. J. Biol. Chem., 269,
20682–20690.
21. Guan,D., Altan-Bonnet,N., Parrott,A.M., Arrigo,C.J., Li,Q.,
Khaleduzzaman,M., Li,H., Lee,C.-G., Pe’ery,T. and Mathews,M.B.
(2008) Nuclear factor 45 (NF45) Is a regulatory subunit of complexes
with NF90/110 involved in mitotic control.Mol. Cell. Biol., 28,
4629–4641.
22. Wolkowicz,U.M. and Cook,A.G. (2012) NF45 dimerizes with NF90,
Zfr and SPNR via a conserved domain that has a
nucleotidyltransferase fold. Nucleic Acids Res., 40, 9356–9368.
23. Shiina,N. and Nakayama,K. (2014) RNA granule assembly and
disassembly modulated by nuclear factor associated with
double-stranded RNA 2 and nuclear factor 45. J. Biol. Chem., 289,
21163–21180.
24. Wen,X., Huang,X., Mok,B.W.-Y., Chen,Y., Zheng,M., Lau,S.-Y.,
Wang,P., Song,W., Jin,D.-Y., Yuen,K.-Y. et al. (2014) NF90 exerts
antiviral activity through regulation of PKR phosphorylation and
stress granules in infected cells. J. Immunol., 192, 3753–3764.
25. Li,X., Liu,C.-X., Xue,W., Zhang,Y., Jiang,S., Yin,Q.-F., Wei,J.,
Yao,R.-W., Yang,L. and Chen,L.-L. (2017) Coordinated circRNA
biogenesis and function with NF90/NF110 in Viral Infection.Mol.
Cell, 67, 214–227.
26. Patel,R.C. (1998) PACT, a protein activator of the interferon-induced
protein kinase, PKR. EMBO J., 17, 4379–4390.
27. Park,H., Davies,M. V, Langland,J.O., Chang,H.W., Nam,Y.S.,
Tartaglia,J., Paoletti,E., Jacobs,B.L., Kaufman,R.J. and
Venkatesan,S. (1994) TAR RNA-binding protein is an inhibitor of
the interferon-induced protein kinase PKR. Proc. Natl. Acad. Sci.
U.S.A., 91, 4713–4717.
28. Chakrabarti,A., Jha,B.K. and Silverman,R.H. (2011) New insights
into the role of RNase L in innate immunity. J. Interferon Cytokine
Res., 31, 49–57.
29. Burke,J.M., Moon,S.L., Matheny,T. and Parker,R. (2019) RNase L
reprograms translation by widespread mRNA turnover escaped by
antiviral mRNAs.Mol. Cell, 0, 1203–1217.
30. Rath,S., Prangley,E., Donovan,J., Demarest,K., Wingreen,N.S.,
Meir,Y. and Korennykh,A. (2019) Concerted 2–5A-mediated mRNA
decay and transcription reprogram protein synthesis in the dsRNA
response.Mol. Cell, 0, 1218–1228.
31. Aguado,L.C., Schmid,S., May,J., Sabin,L.R., Panis,M.,
Blanco-Melo,D., Shim,J. V., Sachs,D., Cherry,S., Simon,A.E. et al.
(2017) RNase III nucleases from diverse kingdoms serve as antiviral
effectors. Nature, 547, 114–117.
32. Li,Y., Basavappa,M., Lu,J., Dong,S., Cronkite,D.A., Prior,J.T.,
Reinecker,H.-C., Hertzog,P., Han,Y., Li,W.-X. et al. (2016) Induction
and suppression of antiviral RNA interference by influenza A virus in
mammalian cells. Nat. Microbiol., 2, 16250.
33. Witteveldt,J., Ivens,A. and Macias,S. (2018) Inhibition of
microprocessor function during the activation of the type I interferon
response. Cell Rep., 23, 3275–3285.
34. Witteveldt,J., Knol,L.I. and Macias,S. (2019) MicroRNA-deficient
mouse embryonic stem cells acquire a functional interferon response.
Elife, 8, e44171.
35. Szabo,A., Magyarics,Z., Pazmandi,K., Gopcsa,L., Rajnavolgyi,E.
and Bacsi,A. (2014) TLR ligands upregulate RIG-I expression in
human plasmacytoid dendritic cells in a type I IFN-independent
manner. Immunol. Cell Biol., 92, 671–678.
36. Patro,R., Duggal,G., Love,M.I., Irizarry,R.A. and Kingsford,C.
(2017) Salmon provides fast and bias-aware quantification of
transcript expression. Nat. Methods, 14, 417–419.
37. Harrow,J., Frankish,A., Gonzalez,J.M., Tapanari,E., Diekhans,M.,
Kokocinski,F., Aken,B.L., Barrell,D., Zadissa,A., Searle,S. et al.
(2012) GENCODE: the reference human genome annotation for The
ENCODE Project. Genome Res., 22, 1760–1774.
38. Robinson,M.D., McCarthy,D.J. and Smyth,G.K. (2010) edgeR: a
Bioconductor package for differential expression analysis of digital
gene expression data. Bioinformatics, 26, 139–140.
39. Rusinova,I., Forster,S., Yu,S., Kannan,A., Masse,M., Cumming,H.,
Chapman,R. and Hertzog,P.J. (2012) INTERFEROME v2.0: an
updated database of annotated interferon-regulated genes. Nucleic
Acids Res., 41, D1040–D1046.
40. Yamashita,R., Suzuki,Y., Takeuchi,N., Wakaguri,H., Ueda,T.,
Sugano,S. and Nakai,K. (2008) Comprehensive detection of human
terminal oligo-pyrimidine (TOP) genes and analysis of their
characteristics. Nucleic Acids Res., 36, 3707–3715.
41. Weingarten-Gabbay,S., Elias-Kirma,S., Nir,R., Gritsenko,A.A.,
Stern-Ginossar,N., Yakhini,Z., Weinberger,A. and Segal,E. (2016)
Systematic discovery of cap-independent translation sequences in
human and viral genomes. Science, 351, aad4939.
42. Mokrejsˇ,M., Masˇek,T., Vopa´lensky´,V., Hlubucˇek,P., Delbos,P. and
Pospı´sˇek,M. (2010) IRESite––a tool for the examination of viral and
cellular internal ribosome entry sites. Nucleic Acids Res., 38,
D131–D136.
43. Kyritsis,K.A., Wang,B., Sullivan,J., Lyne,R. and Micklem,G. (2019)
InterMineR: an R package for InterMine databases. Bioinformatics,
35, 3206–3207.
44. Smith,R.N., Aleksic,J., Butano,D., Carr,A., Contrino,S., Hu,F.,
Lyne,M., Lyne,R., Kalderimis,A., Rutherford,K. et al. (2012)
InterMine: a flexible data warehouse system for the integration and
analysis of heterogeneous biological data. Bioinformatics, 28,
3163–3165.
45. Meyuhas,O. and Kahan,T. (2015) The race to decipher the top secrets
of TOP mRNAs. Biochim. Biophys Acta, 1849, 801–811.
46. Kwan,T. and Thompson,S.R. (2019) Noncanonical translation
initiation in eukaryotes. Cold Spring Harb. Perspect. Biol., 11,
a032672.
47. Ceci,M., Gaviraghi,C., Gorrini,C., Sala,L.A., Offenha¨user,N., Carlo
Marchisio,P. and Biffo,S. (2003) Release of eIF6 (p27BBP) from the
60S subunit allows 80S ribosome assembly. Nature, 426, 579–584.
48. Floor,S.N. and Doudna,J.A. (2016) Tunable protein synthesis by
transcript isoforms in human cells. Elife, 5, e10921.
49. Urcuqui-Inchima,S., Castan˜o,M.E., Hernandez-Verdun,D.,
St-Laurent,G. and Kumar,A. (2006) Nuclear Factor 90, a cellular
dsRNA binding protein inhibits the HIV Rev-export function.
Retrovirology, 3, 83.
50. Agbottah,E.T., Traviss,C., McArdle,J., Karki,S., St Laurent,G.C. and
Kumar,A. (2007) Nuclear Factor 90(NF90) targeted to TAR RNA
inhibits transcriptional activation of HIV-1. Retrovirology, 4, 41.
51. Isken,O., Baroth,M., Grassmann,C.W., Weinlich,S., Ostareck,D.H.,
Ostareck-Lederer,A. and Behrens,S.-E. (2007) Nuclear factors are
involved in hepatitis C virus RNA replication. RNA, 13, 1675–1692.
52. Isken,O., Grassmann,C.W., Sarisky,R.T., Kann,M., Zhang,S.,
Grosse,F., Kao,P.N. and Behrens,S.-E. (2003) Members of the
NF90/NFAR protein group are involved in the life cycle of a






/nar/advance-article-abstract/doi/10.1093/nar/gkz1060/5614571 by Edinburgh U
niversity user on 11 N
ovem
ber 2019
14 Nucleic Acids Research, 2019
53. Nostrand,E.L. Van, Freese,P., Pratt,G.A., Wang,X., Wei,X.,
Blue,S.M., Dominguez,D., Cody,N.A.L., Olson,S., Sundararaman,B.
et al. (2018) A large-scale binding and functional map of human
RNA binding proteins. bioRxiv doi: https://doi.org/10.1101/179648,
05 October 2018, preprint: not peer reviewed.
54. Quinones-Valdez,G., Tran,S.S., Jun,H.-I., Bahn,J.H., Yang,E.-W.,
Zhan,L., Bru¨mmer,A., Wei,X., Van Nostrand,E.L., Pratt,G.A. et al.
(2019) Regulation of RNA editing by RNA-binding proteins in
human cells. Commun. Biol., 2, 19.
55. Kaur,S., Sassano,A., Dolniak,B., Joshi,S., Majchrzak-Kita,B.,
Baker,D.P., Hay,N., Fish,E.N. and Platanias,L.C. (2008) Role of the
Akt pathway in mRNA translation of interferon-stimulated genes.
Proc. Natl. Acad. Sci. U.S.A., 105, 4808–4813.
56. Kaur,S., Lal,L., Sassano,A., Majchrzak-Kita,B., Srikanth,M.,
Baker,D.P., Petroulakis,E., Hay,N., Sonenberg,N., Fish,E.N. et al.
(2007) Regulatory effects of mammalian target of
rapamycin-activated pathways in type I and II interferon signaling. J.
Biol. Chem., 282, 1757–1768.
57. Joshi,S., Kaur,S., Redig,A.J., Goldsborough,K., David,K., Ueda,T.,
Watanabe-Fukunaga,R., Baker,D.P., Fish,E.N., Fukunaga,R. et al.
(2009) Type I interferon (IFN)-dependent activation of Mnk1 and its
role in the generation of growth inhibitory responses. Proc. Natl.






/nar/advance-article-abstract/doi/10.1093/nar/gkz1060/5614571 by Edinburgh U
niversity user on 11 N
ovem
ber 2019
